Phospholipase D (PLD) hydrolyzes phospholipids to generate a free polar head group (e.g., choline) and a second messenger phosphatidic acid and plays diverse roles in plant growth and development, including seed germination, leaf senescence, root hair growth, and hypocotyl elongation. However, the function of PLD in cotton remains largely unexplored. Here, the comprehensive molecular characterization of GhPLDα1 was explored with its role in upland cotton (Gossypium hirsutum) fiber development. The GhPLDα1 gene was cloned successfully, and a sequence alignment showed that GhPLDα1 contains one C2 domain and two HKD (HxKxxxxD) domains. Quantitative reverse transcriptase-polymerase chain reaction measured the expression of GhPLDα1 in various cotton tissues with the highest level in fibers at 20 days post anthesis (d.p.a.). Fluorescent microscopy and immunoblotting in tobacco epidermis showed the GhPLDα1 distribution in both cell membranes and the cytoplasm. An activity assay indicated changes in PLDα enzyme activity in developing fiber cells with a peak level at 20 d.p.a., coinciding with the onset of cellulose accumulation and the increased H 2 O 2 content during fiber development. Furthermore, the inhibition of PLDα activity obviously decreased the cellulose and H 2 O 2 contents of in vitrocultured cotton fibers. These results provide important evidence explaining the relationship of GhPLDα1 with secondary cell wall thickening in cotton fibers in that GhPLDα1 may correlate with the increased H 2 O 2 content at the onset of secondary cell wall thickening, ultimately promoting cellulose biosynthesis.
Introduction
Cotton is one of the most valuable economic crops in the world and provides the most important natural raw material for the textile industry. Cotton fiber is a highly elongated and thickened single cell originating from the seed epidermis [1] . Based on the number of days post anthesis (d.p.a.), cotton fiber development consists of four overlapping phases, including initiation (3 days before anthesis to 3 d.p.a.), elongation (3-25 d .p.a.), secondary cell wall thickening (15-45 d .p.a.), and maturation (45 to >50 d.p.a.) [2, 3] . After initiation, cotton fiber cells undergo phased differentiation including primary cell wall synthesis during the elongation phase and nearly pure cellulose synthesis during the secondary wall thickening phase [4] . A distinct transition stage between primary and secondary cell wall deposition occurs in cotton fibers [4] . There are some important developmental events occurring in cotton fiber cells during the transition, for example, the deposition of the winding cell wall layer [5] , the degradation of the cotton fiber middle lamella [6] , changes in the concentrations of some metabolic sugars [7] , and the sharp increase of H 2 O 2 level [8] . Finally, the cotton fiber secondary cell wall becomes 3-6 μm thick [4] . Remarkably, deposition of >94% (w/w) cellulose in mature cotton fibers leads to the good stiffness and strength of fibers [9] and makes the fiber cell as a powerful model for researching the cellulose biosynthesis, a process with great significance in nature and industry [10] . Thus, secondary cell wall thickening is a crucial phase for cotton fiber development and is worthy of further investigation. Currently, comparative proteomic analysis of cotton fiber development indicated that phospholipase Dα (PLDα) was with the preferential protein abundance at the onset of secondary cell wall thickening, and comparative lipidomic study further demonstrated that the product of phospholipase Dα, phosphatidic acid (PA), was abundant at the same stage. These two studies gave us some fundamental evidence for that phospholipase Dα might play a role in secondary cell wall thickening [11, 12] .
PLD is a major phospholipase family in plants, which catalyzes the hydrolysis of phospholipids to produce PA and free polar head groups (e.g. choline) [13] . Plants possess a large and diverse family of PLD enzymes. The availability of whole genome sequences has greatly expanded our knowledge on the complexity of the plant PLD gene family. The PLD gene family has been reported in several higher plant species, for instance, Arabidopsis [14] , rice [15] , poplar [16] , grape [16] , soybean [17] , and cotton [18, 19] . Members of plant PLD family are generally divided into six types, PLDα, PLDβ, PLDγ, PLDδ, PLDε, and PLDζ, based on gene structure, sequence similarity, and biochemical property [20] . Besides, a novel PLD type, PLDφ, has recently been found, but its function and biochemical property have been unknown until now [15] . Moreover, plant PLDs can also be broadly categorized into three PLD subfamilies according to domain structure. Most of plant PLDs, including members of PLDα, PLDβ, PLDγ, PLDδ, and PLDε types, contain a Ca 2+ / phospholipid-binding C2 domain near the N-terminus and belong to the C2-PLD subfamily. However, members of the PLDζ type are characterized by the presence of phox homology (PX) and pleckstrin homology (PH) domains near the N-terminus and belong to the PX/PH-PLD subfamily. Meanwhile, members of the PLDφ type possess a single peptide instead of C2, PX or PH domains near the N-terminus and belong to the SP-PLD subfamily [21] . Increasing evidences suggest that multiple AtPLDs are involved in different plant development processes, for instance, AtPLDα1 in seed germination [22] and leaf senescence [23] , AtPLDε in lateral root growth [24] , AtPLDζ1 in root hair growth [25] , and AtPLDζ2 in hypocotyl elongation [26] . PLDα represents the most common plant PLD type and is abundant in all kinds of plant tissues [27] . Until now, the only functional study on cotton PLDα reported that this protein plays a role in recovery from freezing temperatures [28] . However, the other function of cotton PLDα in cotton remains unknown. A previous study revealed that AtPLDα1 regulates NADPH oxidase activity and H 2 O 2 production in ABA (abscisic acid) mediated stomatal closure in Arabidopsis [29] . However, for cotton fiber development, ABA mainly accumulates during the secondary cell wall thickening phase [30, 31] , and the H 2 O 2 level elevation at the onset of secondary cell wall thickening is correlated with the rosette stability of cellulose synthase complexes and promotes cellulose biosynthesis [8, 32] . These studies further provided some key clues regarding the role of cotton PLDα in fiber secondary cell wall thickening.
Upland cotton Gossypium hirsutum is widely grown in >80 countries and accounts for >90% of commercial cotton production worldwide [33] . Here, we reported the molecular characterization of a G. hirsutum PLDα gene, GhPLDα1. Using a combination of biochemical, physiological, pharmacological, and genetic approaches, we explored the relationship of GhPLDα1 with secondary cell wall thickening in cotton fibers. Our study built an important basis for the next functional study on the role of GhPLDα1 in cotton fiber development.
Materials and Methods

Plant materials
Cotton (G. hirsutum, cv. CRI 35; Gossypium barbadense, cv. Pima S6; and Gossypium arboretum, cv. Shixiya1) plants were grown in a normal agronomic field under standard conditions in Beijing, China. Flowers were tagged on the day of anthesis. Cotton fibers were harvested at 0, 3, 5, 8, 10, 13, 15, 18, 20, 23, 25, 28, 30, 33 , and 35 d.p.a. Roots, stems, and leaves were collected from 2-week-old seedlings, and petals and stamens were collected from the plants on the day of anthesis. All of the collected materials were immediately frozen in liquid nitrogen and then stored at −80°C until use.
For ovule culture, the bolls from G. hirsutum were collected at 2 d.p.a. and then soaked in 75% (v/v) ethanol for 2 min to sterilize the surface. The ovules were carefully dissected from the bolls and then cultured on BT medium [34] (with 1 µM GA 3 and 5 µM IAA) in the dark at 30°C without agitation for 13 days. At 15 d.p.a., these ovules were transferred to a subculture BT medium (with 1 µM GA 3 , 5 µM IAA, and 5 g·l −1 activated charcoal) for the next 14 days. At 29 d.p.a., these ovules were transferred to the medium (with 1 µM GA 3 , 5 µM IAA, 5 g·l −1 activated charcoal, and 50 µM ABA) for continued 14 days. For inhibitor treatments, 1-butanol (1-But), dyphenylene iodonium (DPI), and diethyldithiocarbamate (DDC) were added to the medium at 15 d.p.a.. Seeds of Arabidopsis (ecotype Columbia-0 and the T 3 generation GhPLDα1-overexpressing transgenic lines) were surface-sterilized and then sown onto sterilized 1/2 Murashige-Skoog solid medium in 10-cm petri plates for 48 h at 4°C in the dark. These plates were transferred to a plant growth chamber (Sanyo, Osaka, Japan) under standard conditions (a 16-h light/8-h dark cycle at 22°C) for 2 weeks before transplantation into soil.
Wild-type Nicotiana benthamiana NN transgenic plants were as previously described [35] . Nicotiana benthamiana plants were grown in pots placed in growth rooms at 25°C under a 16-h light/8-h dark cycle.
Gene cloning and bioinformatics analysis
The cDNA of GhPLDα1 was isolated from a normalized cDNA library of 10 d.p.a. G. hirsutum (CRI 35) fibers, and the full-length sequence was obtained through the 5′-rapid amplification of the cDNA end (5′ RACE) following the protocol of Scotto-Lavino et al. [36] . The gene-specific primers are listed in Supplemental Table S1 . The physical and chemical properties and conserved domains of the deduced GhPLDα1 protein were predicted using ExPASy (http://cn. expasy.org/tools) and Pfam (http://pfam.sanger.ac.uk/search), respectively. Cis-regulatory elements in the 5′ untranslated region (5′ UTR) of GhPLDα1 were analyzed using the PlantCARE database (http:// bioinformatics.psb.ugent.be/webtools/plantcare/html/). The plant PLD protein sequences were aligned using Clustal W [37] with standard settings. The neighbor-joining method was used to produce a phylogenetic tree by MEGA 6.0 [38] .
Protein extraction and western blot analysis
Plant samples were powdered in liquid nitrogen and suspended completely in homogenization buffer (pH 7.8) containing 10 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid (HEPES), 10 mM KCl, 10 mM MgCl 2 , 5 mM ethylenediaminetetraacetate (EDTA), 1 mM DTT, 200 mM PMSF, 330 mM sucrose, 0.5% Triton X-100, and protease inhibitors. The homogenate was centrifuged at 100,000 g for 30 min. The supernatant was recognized as the soluble fraction by using the anti-PEPC (phosphoenolpyruvate carboxylase) antibody as indicated, and the precipitate was recognized as the membrane fraction by using the anti-PMA (plasma membrane H + ATPase) antibody (Abcam, Cambridge, USA). The extracted proteins were quantified by the Bradford method [39] . The primary antibodies against cotton PLDα1 and PEPC were prepared by the immunization of rabbits with synthetic peptides (Supplementary Table S2 ) by Beijing Protein Innovation (Beijing, China). The anti-YFP antibody (Santa Cruz, Dallas, USA) was used as another primary antibody, and the HRP-conjugated goat, anti-rabbit and mouse IgG antibodies (Abmart, Shanghai, China) were used as the secondary antibody. Western blot analysis was performed using Lumi-Light western blotting substrates (Roche, Mannheim, Germany).
Plasmid constructs
To test the subcellular localization of GhPLDα1 in N. benthamiana, DNA fragments for GhPLDα1-cYFP and YFP-GhPLDα1 were obtained by overlapping PCR. The resulting PCR products were cloned between the duplicated CaMV 35 S promoter and the NOS terminator of pJG045, a pCAMBIA1300-based T-DNA vector [40] . For the expression of the His-tagged GhPLDα1 protein in E. coli strain BL21 (DE3), the full-length open reading frame (ORF) of GhPLDα1 was first amplified by PCR, digested with BamHI and SacI, and finally cloned into the expression vector pET-28a (Novagen, Wisconsin, USA). For the ectopic overexpression of GhPLDα1 in Arabidopsis, the full-length ORF of GhPLDα1 was cloned into the pBE2113 vector, which contains the cauliflower mosaic virus 35 S promoter. All of the constructs were confirmed by DNA sequencing. The primers are listed in Supplemental Table S1 .
Confocal microscopy
The Agrobacterium-mediated transiently expressed GhPLDα1-cYFP and YFP-GhPLDα1 proteins were used for confocal imaging. The constructs were introduced into Agrobacterium tumefaciens strain GV3101 and infiltrated into the leaves of N. benthamiana. The leaves were detached 48 h post-infiltration, and confocal imaging was performed using an inverted Zeiss LSM 710 laser scanning microscope (Carl-Zeiss, Oberkochen, Germany).
RNA extraction and quantitative reverse transcriptasepolymerase chain reaction
Total RNA from the cotton petals, stamens, leaves, stems, roots, and developing fibers of three species were extracted using the RNAprep pure plant kit according to the manufacturer's instructions (TIANGEN, Beijing, China). cDNA synthesis and quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) were as previously described [18] . The qRT-PCR assays were performed using the SYBR Green Master Mix Reagent (TaKaRa, Shuzo, Japan) and the Mini Opticon Real-Time PCR System (Bio-Rad, Hercules, USA). All of the reactions were performed in triplicate. The corresponding primers are shown in Supplemental Table S1 .
Enzyme activity assay
For the activity assay, plant samples were ground in liquid nitrogen and then homogenized in buffer A [pH 7.0, 50 mM potassium phosphate, 1 mM EDTA and 1% polyvinylpolypyrrolidone (PVPP), and 1 mM ascorbate, for cotton fibers] or buffer B [pH 7.8, 50 mM HEPES, 0.2 mM EDTA, 2% PVPP, and 2 mM ascorbate, for Arabidopsis leaves]. The homogenates were centrifuged at 4°C for 30 min at 14 000 g, and the resulting supernatant was directly used for enzyme assays.
The PLDα (PIP 2 -independent phospholipid hydrolysis) activity was assayed spectrophotometrically using the modified method of Sajdok et al. [41] in the presence of phosphatidylcholine (PC) as a substrate, 120 mM Ca 2+ , and 8 mM SDS in the reaction mixture.
The amount of free choline generated was detected by the absorbance of chromophore at 492 nm. For the NADPH oxidase activity assay, the isolation of the PM fraction from total protein was as described above. The NADPH oxidase activity in the isolated PM fraction was determined using a modified assay based on the reduction of the tetrazolium dye 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)- [43] . The superoxide dismutase (SOD) activity was recorded as the ability to inhibit the photochemical reduction of nitroblue tetrazolium (NBT), which was detected spectrophotometrically at 560 nm [44] . One unit of SOD activity was defined as the amount of crude enzyme extract required to inhibit the reduction rate of NBT by 50%. Reactions were carried out at 25°C below a light bank consisting of two 30-W fluorescent tubes. All of the spectrophotometric analyses were conducted on an Ultrospec 3300 Pro spectrophotometer (Amersham Biosciences, Uppsala, Sweden). The protein content was determined according to the Bradford method [39] using bovine serum albumin as a standard.
Measurement of the H 2 O 2 and cellulose contents
To assay the H 2 O 2 content, plant samples were prepared according to a previously described method [11, 45] . H 2 O 2 was measured in the reaction mixture containing 3.3 mM 3-dimethylaminobenzoic acid, 6.6% (v/v) 3-methyl-2-benzothiazolinone hydrazone, 0.25 units of peroxidase, and 10 mM phosphate buffer (pH 6.5). The reaction was started by the addition of peroxidase at 25°C. The increased absorbance at 590 nm was monitored using an Ultrospec 3300 Pro spectrophotometer. To determine the cellulose content, cotton fibers were prepared as previously described [46] . The sample was hydrolyzed in 2 M trifluoroacetic acid (TFA) at 121°C for 90 min and then centrifuged at 10,000 g for 10 min. The TFA-insoluble fraction was heated with acetic-nitric reagent at 100°C for 30 min and then centrifuged at 10,000 g for 10 min. The pellets were treated with 72% (v/v) H 2 SO 4 , and the cellulose content was quantified using the anthrone reagent [47] .
Results
Sequence characterization of the GhPLDα1 gene
In our previous study, eight PLDα genes were identified in the allotetraploid cotton G. hirsutum, and only two of them (GhPLDα1 A and GhPLDα1D) were obviously expressed in developing fibers [19] . These two genes shared the extremely high sequence similarity with each other and encoded nearly identical proteins ( Supplementary Fig. S1 ). Their expression profiles indicated that the expression level of GhPLDα1 A was higher than that of GhPLDα1D during cotton fiber development [19] . In this study, based on the representative gene GhPLDα1 A (Gene ID: Gh_A10G0662) sequence, we cloned the full-length cDNA using the 5′-RACE technique from 10 d.p.a. G. hirsutum fibers. A sequence analysis showed that the cDNA had 2571 bp with a 5′-UTR of 147 bp and an ORF of 2424 bp ( Supplementary Fig. S2 ). Upstream of the putative ATG start codon, there were two cis-regulatory elements, pyrimidine-rich stretches (positions from −28 to −19 and −101 to −92 in nucleotide line, Supplementary Fig. S2 ), which were reported to have a positive effect on the overall expression level [48] . The deduced amino acid sequence contained two characteristic HKD (HxKxxxxD) domains (Positions 325-364 amino acids and 653-679 amino acids, Supplementary Fig. S2 ) essential for lipase activity and that have been detected in all known members of the PLD family [49, 50] . It also contained one highly conserved C2 domain (Position 9-123 amino acids, Supplementary Fig. S2 ) that mediates the localization of soluble proteins to membranes by binding phospholipids in a Ca 2+ -dependent manner [51] . Additionally, the 'IYIENQYF' motif and the DRY motif (Positions 514-521 amino acids and 559-584 amino acids, Supplementary Fig. S2 ) were found in the deduced amino acid sequence. They were postulated to increase the rate of catalysis and to bind to the Gα subunit of the heterotrimeric G protein, respectively [52, 53] . Furthermore, the phylogenetic analysis of this deduced amino acid sequence with several reported plant PLD sequences showed that it belonged to cluster α in C2-PLDs (Fig. 1A) . These results reveal that the ORF encodes a typical plant PLDα protein, designated as GhPLDα1 (G. hirsutum phospholipase Dα1), of 807 amino acids with a predicted molecular mass of 91.49 kD and a theoretical isoelectric point of 5.37. A multiple sequence alignment revealed that the deduced amino acid sequence of GhPLDα1 shared significant identity with proteins from cocoa (TcPLDα1, 89.86%), castor (RcPLDα, 85.52%), tobacco (NtPLDα, 83.04%), Arabidopsis (AtPLDα1, 81.11%), cabbage (BoPLDα, 80.86%), maize (ZmPLDα, 78.35%), and rice (OsPLDα1, 77.24%) (Fig. 1B) . The amino acids of the HKD2 domain, 'IYIENQYF' motif, and DRY motif were slightly more conserved than were those of the C2 domain and HKD1 domain (Fig. 1B) . Especially in the C2 domain, dicots (cotton, Arabidopsis, cocoa, castor, cabbage, and tobacco) and monocots (maize and rice) had quite different levels of amino acid conservation (Fig. 1B) . These results from the alignment were consistent with the evolutionary distances in the phylogenetic tree (Fig. 1) . It seems reasonable to assume that the members with close evolutionary distance might have the similar cellular function.
Temporal and spatial expression patterns of GhPLDα1
To examine the expression patterns of GhPLDα1 in developing fibers and vegetative tissues, quantitative RT-PCR was performed using specific primers. As shown in Fig. 2, the Supplementary Fig. S3) . Thus, the temporal expression pattern indicated that GhPLDα1 was predominantly expressed at the transition stage of elongation and secondary cell wall thickening (Fig. 2) . In addition, the expression of GhPLDα1 was also observed at moderate levels in petals, stamens, leaves, stems, and roots, suggesting that GhPLDα1 constitutively expressed in all of tested tissues but had the relatively preferential expression in 20 d.p.a. fibers (Fig. 2) .
However, for the other two common cotton species, G. barbadense (Gb) and G. arboretum (Ga), which are different from G. hirsutum (Gh) in fiber phenotype [54] , the expression patterns of GhPLDα1 homologs were mostly similar to that of GhPLDα1, with the exception that the homolog expression was maintained at high level in 25 d.p.a. G. barbadense fibers but decreased sharply at 30 d.p.a. (Fig. 2) . This result is consistent with the study by Hu et al. [55] . It was speculated that the PLDα1 gene was correlated with the transitional stage from fiber elongation to secondary cell wall thickening, and this stage might be delayed in G. barbadense, making the fibers of this species longer.
Subcellular distribution of GhPLDα1 protein
A protein must locate to suitable subcellular compartments to perform its desired functions. By using the online server CELLO v2.5 (http://cello.life.nctu.edu.tw/), the subcellular localization of GhPLDα1 was predicted in the cytoplasm, suggesting that it might be a soluble protein. However, the C2 domain near the N-terminus was reported to mediate the localization of soluble proteins to cell membranes [51] , supporting the notion that GhPLDα1 might also be located in the cell membranes. Moreover, a previous study indicated that its homologous protein AtPLDα was present in the cytoplasm and cell membrane [56] . As described above, these findings were different but compatible. However, the actual subcellular localization of the GhPLDα1 protein needs to be confirmed.
To determine this localization, GhPLDα1 was tagged with the YFP reporter at the C-or N-terminus (e.g. GhPLDα1-cYFP or YFPGhPLDα1) under the control of the CaMV 35 S promoter and transiently expressed in N. benthamiana plants using agroinfiltration. YFP localization was examined in the infiltrated leaves by confocal microscopy. Both GhPLDα1-cYFP and YFP-GhPLDα1 were detected in the cell membrane and in the cytoplasm (Fig. 3A) . Furthermore, to confirm these observations by subcellular fractionation, total protein was extracted from tobacco leaves expressing GhPLDα1-cYFP or YFP-GhPLDα1, and the membrane fraction (Mem.) and the soluble fraction (Sol.) were isolated. Western blot assays with anti-YFP antibody indicated that both GhPLDα1-cYFP and YFP-GhPLDα1 were in the soluble and membrane fractions (Fig. 3B,C) . These results indicated that GhPLDα1 was distributed in both cell membranes and cytoplasm.
Changes in PLDα activity during cotton fiber development
The quantification of glycerolipids in developing cotton fibers revealed that the PA content in the secondary cell wall thickening phase was obviously higher than that in the rapid elongation phase [12] . To determine the underlying biochemical basis of PA accumulation, the PLDα activity was assayed during cotton fiber development across three genotypes: G. hirsutum, G. barbadense, and G. arboretum. As shown in Fig. 4A , the changes in PLDα activity displayed a similar temporal trend among the three genotypes. In the rapid elongation phase from 5 to 15 d.p.a., the PLDα activity was maintained at relatively low levels, and in the transition stage of elongation and secondary cell wall thickening (15 to 20 d.p.a.), it increased substantially and peaked at 20 d.p.a., whereas it decreased sharply after this stage ( Fig. 4A and Supplementary Fig. S3 ). For cellulose accumulation, the rate also maintained at relatively low level before 15 d.p.a., its sharpness increased, and the peak value occurred at~20 d.p.a., suggesting that the changing trend of cellulose accumulation rate were similar to that of PLDα activity ( Supplementary Fig. S3D ). However, the PLDα activity in G. arboretum was higher than that in G. hirsutum within a given time period since 15 d.p.a., whereas G. barbadense simultaneously exhibited the lowest activity (Fig. 4A) , and significantly, at the same stage, the cellulose accumulation rate was also fast, intermediate, and slow in G. arboretum, G. hirsutum, and G. barbadense, respectively ( Supplementary Fig. S3D ), indicating that the difference of PLDα activity was corresponding to that of cellulose accumulation rate in three cotton genotypes. Taken together, there might be a positive correlation of PLDα activity and cellulose accumulation rate existing at the onset of cotton fiber secondary cell wall thickening.
Our previous study revealed that only two of all of the PLDα genes, GhPLDα1 A and GhPLDα1D, were obviously expressed in G. hirsutum fibers [19] . Meanwhile, these two genes encoded nearly the same protein ( Supplementary Fig. S1 ). Thus, it was reasonable to assume that PLDα activity in cotton fibers might be associated with the activity of GhPLDα1. To further determine whether GhPLDα1 has phospholipid hydrolysis activity, the recombinant His-tagged GhPLDα1 was expressed under the induction of IPTG in E. coli and purified by immobilized metal ion affinity chromatography. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the various fractions obtained during purification indicated that the recombinant GhPLDα1 protein was successfully expressed and purified (Fig. 4B) . By using PC as a substrate in the activity assay system, the purified recombinant GhPLDα1 protein was demonstrated to have PIP 2 -independent phospholipid hydrolysis activity, and the effect of Ca 2+ , pH, and SDS on this protein was also investigated ( Fig. 4C-E) . The recombinant GhPLDα1 exhibited substantial activity (>60% of the peak) in a wide range of Ca 2+ concentrations . (B,C) GhPLDα1-cYFP (B) and YFP-GhPLDα1 (C) were found in both the soluble fraction (Sol.) and the cell membrane fraction (Mem.) of the protein extracts of the N. benthamiana leaves. Protein fractions were analyzed by western blot following separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were probed using Anti-PEPC (cytosolic marker), Anti-PMA (cell membrane marker), and Anti-YFP antibodies as indicated.
(60-160 mM), pH values (5.0-6.5), and SDS concentrations (2-20 mM); the optimum Ca 2+ concentration, pH value, and SDS concentration were 120 mM, 6.0, and 8 mM, respectively ( Fig. 4C-E) . In addition, the K m value for PC depended on the ratio between SDS and substrate concentration (Fig. 4F) . These results indicate that GhPLDα1 contributed to PLDα activity in fibers. Fig. S3D ). Furthermore, H 2 O 2 functioned as an important developmental signal at the onset of secondary wall thickening in cotton fibers, and the H 2 O 2 level elevation enhanced the stability of the cellulose synthase complex by promoting the dimerization of cellulose synthase catalytic subunits [8, 32] . By quantitatively assaying the concentrations of H 2 O 2 during fiber development in G. hirsutum, G. barbadense, and G. arboretum, our study found that the temporal change in H 2 O 2 content was conserved among the three genotypes ( Supplementary Fig.  S4 ). The accumulation pattern of H 2 O 2 concentration in developing cotton fiber cells continuously increased and sharply decreased but peaked at 20 d.p.a. (Supplementary Fig. S4 ). Thus, there might be a possible correlation of PLDα activity with cellulose and H 2 O 2 accumulation at 20 d.p.a., which was the onset of secondary wall thickening.
Inhibition of
To demonstrate this correlation, the in vitro cotton ovule and fiber culture system was applied. During the development of in vitro-cultured fibers, the kinetics of fiber elongation, and cellulose accumulation, changes in PLDα activity and H 2 O 2 accumulation were characterized to verify the reliability of this system. The in vitro-cultured cotton fibers shared the same growth pattern as that of the field-grown fibers (Supplementary Fig. S5 ). To inhibit the PLDα activity, the potent inhibitor 1-butanol [1-But, 0.1% and 0.5% (v/v)] was applied to in vitro-cultured cotton fibers at 15 d.p.a.. The phenotype observation and measurement of the PLDα activity and H 2 O 2 content were performed at 20 d.p.a., and the cellulose content was measured at 30 d.p.a.. Our results showed that when the PLDα activity was effectively inhibited, the ovule sizes clearly reduced in the treatment with 0.5% 1-But, whereas the fiber length did not change significantly (Fig. 5A,D,G) . Remarkably, the cellulose content decreased obviously, and the levels of H 2 O 2 also decreased notably; furthermore, these effects were dose-dependent (Fig. 5E,F) . These results indicated that PLDα activity was closely related to cellulose accumulation and the increased H 2 O 2 level at the stage of secondary cell wall thickening.
In addition, to further investigate the correlation of the increased H 2 O 2 level with cellulose accumulation, inhibitors of the two ROSrelated enzymes NADPH oxidase and SOD, diphenylene iodonium (DPI, 2 and 10 µM) and diethyldithiocarbamate (DDC, 2 and 10 µM), were also added to the in vitro culture system, respectively. The dose-dependent inhibition of NADPH oxidase and SOD activity evidently prevented the formation of a high H 2 O 2 level and obviously decreased the cellulose accumulation (Fig. 5B,C,E,F,H,I ). These results suggest that the increased H 2 O 2 level at 20 d.p.a. was indeed related to cellulose accumulation.
Relationship of GhPLDα1 with secondary cell wall thickening
Based on the above results and those of the previous studies [8, 29, 30, 32, 34 ], a possible model for the relationship of GhPLDα1 with secondary cell wall thickening in cotton fiber was proposed ( Supplementary Fig. S6 ). At the onset of secondary cell wall thickening (~20 d.p.a.), GhPLDα1 catalyzes the hydrolysis of PC to produce choline and PA, and PA activates NADPH oxidase, resulting in the continuous and high H 2 O 2 accumulation. Then, the rosette stability of cellulose synthase complexes might be enhanced by the high H 2 O 2 level, ultimately promoting cellulose accumulation ( Supplementary Fig. S6 ).
It is notable that some events are closely related to this possible model, for example, ABA accumulation mainly occurring in the fiber secondary cell wall thickening phase [30, 31] and the positive correlation of the high H 2 O 2 level with the cellulose synthase complex stability [8, 32] . However, the correlation of the role of GhPLDα1 with the H 2 O 2 content under the induction of ABA needs to be further proven. To verify this correlation, a GhPLDα1-overexpressing construct was transformed into Arabidopsis, and three independent T 3 transgenic lines (11#, 19#, and 27#) were obtained. Compared to that in control plants, the protein abundance of GhPLDα1 was much higher in the GhPLDα1-overexpressing lines (Fig. 6A) . Under normal conditions, GhPLDα1-overexpressing seedlings/plants exhibited no evident phenotypical changes compared to the control seedlings/plants (Fig. 6B,C) . For example, there were no evident differences in the numbers of the rosette leaves or the date of first flower in the 18-day-old seedlings ( Supplementary Fig. S7A,B) , and there were also no statistically significant differences in plant height, dry weight of the stem, major axis length of the silique, and numbers of seeds per silique in the 40-day-old plants ( Supplementary Fig. S7C-F) . However, in the presence of added ABA, the primary root elongation of both control and GhPLDα1-overexpressing 7-day-old seedlings was significantly inhibited, but the inhibition of GhPLDα1-overexpressing seedlings was weaker than that of control seedlings (Fig. 6D-G) . Moreover, under the treatment of 50 μM ABA, the H 2 O 2 content in young leaves of GhPLDα1-overexpressing 18-day-old seedlings was higher than that of control seedlings (Fig. 6H) , similar to the comparison of PLDα activity in young leaves (Fig. 6I) . These results showed that the overexpression of GhPLDα1 significantly increased the H 2 O 2 content of Arabidopsis leaves under the induction of ABA, providing important evidence for the possible model.
Discussion
Cotton fiber has a secondary cell wall with the highest percentage of cellulose known in plants, and cellulose is actually an essential renewable material in industry [10] . However, fiber strength is one of the most important quantitative traits in cotton fibers and is mainly determined by fiber secondary cell wall thickening [57] . Thus, by genetic engineering, future cotton crop might not only be a bulk commodity but also be the high-value product with the special fiber and cellulose properties. However, to achieve this goal requires the complete and deep understanding of cotton fiber secondary cell wall thickening.
In this study, we cloned an upland cotton GhPLDα1 gene, which encoded a protein with two typical HKD domains and one C2 domain (Fig. 1B) . Our data showed that GhPLDα1 protein was localized at cell membrane and in the cytoplasm (Fig. 3) . The enzymatic activity assay demonstrated that the recombinant GhPLDα1 protein had the PIP 2 -independent phospholipid hydrolysis activity, and its optimum reaction conditions were also determined (Fig. 4C-F) . The expression pattern of GhPLDα1 gene in fibers showed that its expression rose to the peak level at 20 d.p.a., and significantly, its activity, the H 2 O 2 accumulation level, and the cellulose accumulation rate in fibers also strikingly increased to the peak values at the same stage (Figs. 2, 4A, Supplementary Fig. S3D and Supplementary Fig. S4 ). These data together presented a positive correlation of GhPLDα1, H 2 O 2 , and cellulose accumulation at the onset of secondary cell wall thickening. The inhibition of PLDα activity resulted in the obvious (H) and PLDα activity (I) of wild-type (Col) and GhPLDα1-overexpressing seedlings. Before the measurements, the young leaves were incubated with (black bar) or without (white bar) 50 μM ABA at 25°C for 10 min. Vertical bars represent ±SD of three biological replicates. Statistical analyses were performed using Student's T test. The asterisk indicates that the mean value is significantly different from that of the control (P < 0.05). reduction of the cellulose and H 2 O 2 contents of in vitro-cultured cotton fibers (Fig. 5) , providing further evidence for this possible correlation. Based on these results and those of previous studies, we proposed the model about the relationship of GhPLDα1 with secondary cell wall thickening ( Supplementary Fig. S6 ).
Currently, several valuable studies have also revealed that a number of events and factors were proposed to participate in the process of cotton fiber secondary cell wall thickening. Wang et al. [58] performed a comparative transcriptome analysis in TM-1 and the immature fiber (im) mutant and reported that carbohydrate metabolism is involved in secondary cell wall development. In 1996, Pear et al. [59] firstly found that two cotton cellulose synthase genes, GhCesA1 and GhCesA2, took part in the fiber secondary cell wall thickening. Nowadays, Niu et al. [60] further found that GhCeSA4, GhCeSA7, and GhCeSA8 participated also in this important developmental process. Some transcriptional regulatory networks were also reported to exist in the secondary cell wall formation of fibers. For example, two R2R3-MYB transcription factors, GhMYBL1 [61] and GhMYB7 [62] , and a Class II KNOX transcription factor GhKNL1 [63] , were all predominantly expressed in developing fibers and may play roles in modulating the process of secondary wall biosynthesis and deposition of cotton fibers. Moreover, the study by Bai et al. [64] suggested that plant hormone gibberellin enhanced sucrose synthase expression and promoted secondary cell wall deposition in cotton fibers. Besides these, a cotton annexin, GhFAnnxA, has been reported to affect secondary cell wall biosynthesis of fibers [65] . Unfortunately, although these factors were considered to participate in fiber secondary cell wall thickening, their precise contributions remain limited. These studies suggest that secondary cell wall thickening in cotton fibers is a complex process that involves the additive effects of some signaling pathways.
At the onset of cotton fiber secondary cell wall thickening, fibers begin the massive cellulose biosynthesis accompanied by the excessive H 2 O 2 level elevation [8] , implying that H 2 O 2 play a role in regulating the initiation of massive cellulose biosynthesis. Furthermore, dimerization of cotton fiber cellulose synthase catalytic subunits is found to be one of the potential downstream effects of the excessive H 2 O 2 accumulation at this stage [32] . in addition, comparative transcriptome analyses of cotton immature fiber (im) mutant indicate that fiber secondary cell wall development is associated with H 2 O 2 stress responses [66] . In line with these studies, our study speculated that GhPLDα1 might be a potential component in the upstream pathway of the excessive H 2 O 2 accumulation at the onset of secondary cell wall thickening in fibers.
Our results provided a comprehensive description of the GhPLDα1 gene and proposed a possible model to explain the relationship of GhPLDα1 with secondary cell wall thickening in cotton fiber. Further investigations are expected to reveal the detailed molecular mechanism of the role of GhPLDα1 in cotton fiber development.
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